1. Introduction. -The shape of metal soft X-ray emission and absorption spectra are affected by electron-electron correlations in the conduction band and by the polarization of the medium caused by the deep localized core hole. The effect shows up mainly near the Fermi edge and towards the low energy side of emission spectra, while the main part of the spectra appear to be relatively little affected.
In section 2 we consider the satellite and tailing regions of the spectra. In section 3, the behavior near the emission and absorption edges and, in section 4, the main parts of the spectra are discussed. We will be mostly concerned with L,,, spectra and concentrate on the ((simple )> metals such as Na, A1 and Mg, where the L,,, levels appear to be long lived compared to typical relaxation times for disturbances in the conduction band. We only consider many body effects and effects due to the polarization of the conduction electrons caused by the deep localized core hole, neglecting band structure effects and the variation in the transition probabilities between levels. We concentrate on qualitative aspects of the problem and refer elsewhere for details of calculations.
2. The tailing and satellite regions. -Towards the low energy side of the emission spectra of the simple metals, one finds a tailing due to pair excitations superimposed by a weak plasmon satellite band [I] , [2]. It has been shown that in order to obtain the order of magnitude of this secondary effect one must take into account a strong destructive interference between the charge clouds associated with the core hole and the electron performing the X-ray transition. This holds both for the plasmon satellite and for the tailing region [3-51. In fact, were it not for the momentum dependence of the plasma frequence and the difference in mobility between the conduction electrons and the core hole, the cancellation of the plasmon band would have been complete [3] , [6] . It has been suggested by Hedin [7] that the cr plasmaron >> structure in the one electron spectral function [8] will give rise to a plasmaron edge in the satellite region. Mahan [9] has argued against this, that the very short plasmon lifetime causes a width which would tend to wash out the effect. In any case the satellite intensity is so reduced by the above mentioned cancellation effect that is has not been possible up to now to determine the existence of the plasmaron edge with certainty from experiment [lo] .
It is interesting to note that a cancellation mechanism, which is similar to the one discussed above, occurs in another experiment where a charged particle is used to probe the electronic density of states. We refer to the 2 y angular correlation of the annihilation radiation from positrons in metals [I I] . In this case one measures a geometrical average over the probability for the annihilating particles to have a given c. m. momentum. This probability is proportional to the electron momentum distribution in the case of non interaction thermalized positrons. The positron lifetime, which also can be measured, is very strongly affected by the polarization of the conduction electrons, which the positron causes before it annihilates [12] . The observed angular correlation is, however, quite similar to what one expects from the independent particle model, although there are detectable deviations from this model [13] . Carbotte and Kahana [14] have explained this from a strong destructiveinterference between the polarization clouds of the annihilating particles, in a crude sense one becomes the polarization cloud of the other. Both the positron and the electrons have, however, momentum distributions which differ markedly from what can be obtained from the independent particle model. When the electron momentum distribution can be measured directly, as in the Compton scattering technique, one sees pronounced tails [15] , in qualitative agreement with the theory of Daniel and Vosko U61.
We conclude that, when describing strongly interacting particles of opposite charge in a metal, it is important to describe the polarization of the medium by each particle and interference effects in equivalent approximations. Otherwise one might miss important cancellation effects. When such effects are present, this suggests a low order systematic perturbation expansion in terms of a suitable effective interaction. When cancellation effects are absent, as in the case of the positron lifetime, a non perturbative approach may be required [17] . In the particular case of the correlations between the core hole and the conduction electrons participating in the soft X-ray process, first order theory gives satisfactory results in the satellite and tailing regions [4] . The cancellation effects discussed above are operative also in absorption spectra [18] and to our knowledge no plasmon satellite has been observed in such spectra.
3. Edge phenomena. - We will first discuss the expected behavior of the spectra when the width of the core level due to Auger and radiative lifetimes, temperature, recoil and self absorption are neglected. In this case we can use the semi-classical theory of radiation and the golden rule
We put fi = 1 ; f3 = C n.p, is the dipolar operator applied to all the electrons of the system and n is a unit polarization vector in the direction of the vector potential. One sums over all possible final states and averages over the I initial states. The exponent n in (1) should be n = 2 for emission and n = 1 for absorption if I(v) is to be interpreted as an intensity [19] . In Eq. (1) and below the upper sign refers to emission, while the lower sign refers to absorption.
The simplifying assumptions above leads us to a two Hamiltonian model for the X-ray transition. In emission the initial state is taken to be the N + 1 conduction electron ground state of
The first term on the right hand side of (2) is a one electron Hamiltonian, which is diagonalized by SIater determinants of Bioch waves. The second term is the Coulomb electron-electron interaction. The third term is the Coulomb interaction of the conduction electrons with the localized core hole considered as an attractive impurity, and EB is the energy of this vacant state in the one electron picture. The final state in emission contains N conduction electrons, no core hole and is describable by a Hamiltonian
The energy of the final state differs from the ground state energy of (3) by an excitation energy AEe.
In the initial state in absorption the N conduction electrons are in the ground state of (3), and there is no core hole. The final state in absorption is an excited state of (2) with excitation energy AEa. The frequency of the emittedlabsorbed X-ray photon is thus Here po is the conduction electron chemical potential, and p, is the energy of the vacant state in the core. The latter quantity is shifted from the value EB in (2) because of the interactions. Clearly AE'~" 2 0, and AE"'" = 0 corresponds to the frequency at the Fermi edge, which coincides for absorption and emission spectra.
It was first noted by Pirenne and Longe [20] , that the simplified model discussed above gives rise to singular behavior of the spectra near the Fermi edge. By neglecting the electron-electron interaction term V,,, and representing the core hole potential V, by a separable potential, Nozi&res and de Dominicis [21] succeeded in finding an exact solution to the asymptotic behavior of the spectra near the edge Similar results have been obtained by several authors, among them Bergersen and Brouers [22] , using more intuitive methods.
There are two different physical effects which contribute to the exponent a in (5) . The first effect is related to the Anderson orthogonality theorem [23] . It implies that, as the system develops in time after a core hole is suddently destroyed or created, there is a relaxation, and the memory of the way this process had occured gets lost, even when lifetime eflects are neglected. A further consequence is that the core hole cannot be considered as a cc quasihole )> in the usual many body sense [24] . The absence of a sharp core level gives a negative contribution to the exponent a in (5) . A compensating effect arises from singularities in the vertex corrections due to correlations of the conduction electron participating in the soft X-ray process with the core hole. Because the interaction is attractive the effect tends to enhance the spectral intensity near the edge. At metallic densities the correlations of the conduction electrons with the screened core hole tends to be largely s-like. Radiative transitions involving s-electrons are forbidden in K-spectra, and from the above argument one expects in this case a < 0 and a smooth tapering off of the Fermi edge. In the case of L,,, spectra, transitions involving s-electrons are allowed, and one might expect a spike near the edge. The above qualitative argument is confirmed by more detailed calculations [25] and also by experiment 1261, ~271.
Because of lifetime effects, the observed L2,, spectra are not actually singular near the edge [26] . The most important lifetime effects come from Auger transitions. We will not discuss these here, but direct the reader to Ref.
[la] and 1241 and the articles quoted therein. Instead we assume here and in the next section that it is adequate to calculate the spectrum in the infinite lifetime case, and to incorporate lifetime effects post bellum by folding the result with an appropriate Lorentzian in the spirit of Wigner and Weisskopf [28] . In effect, this assumes that the cc orthogonalization time )), i. e. the time it takes for correlations such as (6) to die out, must be short compared to the Auger lifetime [24] . This seems to be the case for the L2,, spectra of simple metals such as Mg, Al and Na, is doubtful in the case of the Li K-spectra and is probably not true for the L and M spectra of the transition metals.
Because of lifetime effects the exponent a in (5) is not directly observable. Instead the relative spectral weight of the spike or dip near the edge appears more suitable for comparison with experiment. To obtain such quantities it is necessary, however, to calculate the spectra in the main parts of the bands. Actually if edge effects turn out to carry little spectral weight, it may not be necessary to know the precise form of the edge singularity to obtain a good semiquantitative agreement with experiment.
4.
The main parts of the bands. -We will here discuss how to overcome certain difficulties that arise in calculations of the spectra in the main parts of the bands. Calculations making use of the arguments below are reported elsewhere [18, 291. As previously mentioned we will neglect lifetime effects. This allows us to use the two Hamiltonian model described in the previous section.
It is desirable to avoid explicit reference to the final states. For this reason we rewrite (1) in the form
Here we have used the interaction representation and the adiabatic hypothesis, switching on/off the interactions in the distant pastlfuture. In absorption we do not expect any difficulties from this, in emission we can only use the adiabatic hypothesis because we have neglected lifetime effects. The operator uela(t, t') is the Dyson time evolution operator that goes with the Hamiltonian Hela. We have Oi(s) = 1 < i I n. pk I k > e -'"kS k (9) where I i > is one of the I possibly near degenerate core states that are of interest for the particular spectral region, a,,, is the annihilation operator for a conduction electron with wave vector k, energy 8, in the one electron picture and spin a. We have avoided explicit reference to core electron operators, 1 N > is thus just a Slater determinant of the N lowest conduction electron states.
The explicit introduction of a two Hamiltonian model helps us to notice, that between times 0 and s the numerators and denominators in (7), (8) have different time evolution operators. For this reason unlinked vacuum contributions will not completeIy cancel out, i. e. the linked cluster theorem will not apply here [22] . The unlinked terms which should be included are divergent throughout the main band, but this divergence cancels with contributions from other terms. The failure to include the unlinked terms thus leads to spurious divergencies throughout the parent band.
If now we expand (7) and (8) in a formally correct fashion a new difficulty arises, namely terms which diverge badly at the Fermi edge, worse than could be expected from the Nozi6res and de Dominicis theory. These are secular terms arising from the shift of the Fermi edge due to interactions. As pointed out in renormalized calculation is also necessary if one wishes to obtain corrections to the total depth of the parent band. Note, however, that because of the cancellation effects discussed in section 2, the latter spectra are more free electron like than the actual density of states. Furthermore a calculation of solft X-ray spectra where all propagators and vertices are renormalized does not appear numerically feasible at the moment. is the shift of the Fermi edge, due to a shift 2, of the Apart from the difficulty at the bottom of the Fermi energy and a shift ZB of the core level caused by main band, a first order theory can be constructed the interaction. These quantities again have pertur-[Is] which gives qualitatively most of the observed bation expansions of their own.
features of L2,, spectra of the simple metals and which Unfortunately, the theory gives rise to one further are not due to band structure effects. Notably the spurious divergency, at the bottom of the emission theory gives --parent band' In the One picture the 1. A reasonable tailing region in emission spectra ; exhibits here a slope discontinuity. The true spectrum, on the other hand, tapers smoothly off, because of the 2. A weak plasmon satellite in emission and Pracwidth of deep lying conduction electron states. The tically no plasmon effect in absorption ; spectrum is also slightly stretched, because of a dis-3. The spike at the emission and absorption Fermi persion in the level shifts. These kind of changes are edges and the depression after the spike in absorpvery awkward to handle in perturbation theory. TO tion; see this consider the conduction electron density of states 4. The absence of a gap between the emission and absorption bands.
N(E + Zo)
As perhaps could be expected, the enhancement of rp(E) the spectral intensity in the main band due to core
(' ' 1 hole interactions is very sensitive to the short range properties of the core hole potential used. The potenwhere Ap(E) and Tp(E) are the real and imaginary parts of the conduction electron self-energy. Both A,(E) and Tp(E) can be computed in perturbation theory if proper attention is given to shifts such as (10). When the results are substituted in (12) it is easy to see that the resulting expansion of N(E -I-Z,) will contain terms which are badly divergent at E = 0. Exactly this difficulty also occurs when emission spectra are calculated in perturbation theory. As can be seen from (11) a way out is to use only renormalized electron propagators. A calculation of the electronic density of states along these lines has been carried out by Lundqvist [S]. In the bottom of the parent band region this calculation probably also is adequate to describe emission spectra of the simple metals. A tial in this region is in turn strongly affected by the orthogonalization of the conduction electrons to other core states. The order of magnitude of this effect has been obtained [29] using an Ashcroft [31] type pseudopotential. When a suitably choosen such potential was used [18, 29] we obtained a good semi quantitative agreement with the observed emission [27] and absorption [26] spectra of sodium. Perhaps one can say in view of the many obstacles an improved calculation must overcome, that a better agreement is likely to be fortitious. On the other hand, this would be desirable if the many body aspects of the theory could be reformulated so as to facilitate the elimination of spurious divergencies without losing important cancellation effects.
